Background-Atrial dilatation is an important risk factor for atrial fibrillation (AF). In the present study, we monitored the electrophysiological changes during progressive atrial dilatation in chronically instrumented goats. Methods and Results-In 8 goats, 2 screw-in leads with piezoelectric crystals were implanted transvenously in the right atrium. After 2 weeks, atrial diameter and effective refractory period were measured. AF paroxysms were induced by burst pacing to determine the baseline AF cycle length and stability of AF. After His-bundle ablation, the above measurements were repeated once a week. After 4 weeks of complete AV block, the free wall of the right atrium was mapped and the atrium was fixed in formalin for histological analysis. After His-bundle ablation, the ventricular rate decreased from 113.8Ϯ4.8 to 44.6Ϯ2.5 bpm. Right atrial diameter increased gradually by 13.5Ϯ3.9% during 4 weeks of AV block (PϽ0.01). The duration of induced AF paroxysms increased from 4.6 seconds to 6.4 minutes (PϽ0.05). Atrial effective refractory period and AF cycle length remained constant. Spontaneous paroxysms of AF were not observed. Atrial mapping during rapid pacing revealed that slow conduction (Ͻ30 cm/s) was present in 3.7Ϯ1.0% of the mapped area (control, 0.9Ϯ0.5%, PϽ0.05). Histological analysis showed hypertrophy without atrial fibrosis. Connexin40 and connexin43 expression was unchanged.
L arge prospective clinical trials have shown that chronic atrial dilatation is an important and independent risk factor for the development of atrial fibrillation. 1 Furthermore, spontaneous conversion of AF to sinus rhythm is less likely to occur in enlarged atria. 2 However, the mechanisms by which atrial dilatation creates a substrate for AF are largely unknown. First, an increase in atrial surface per se may allow more reentrant circuits to coexist. Second, a shortening of the wavelength because of a shortening of the atrial effective refractory period (AERP) and/or a reduced conduction velocity (CV) would augment the number of waves that can be present simultaneously. Third, inhomogeneities in atrial refractoriness or conduction could stabilize the arrhythmia. Finally, stretch-induced focal activity could induce or perpetuate AF in dilated atria.
In the present study, we used a goat model of chronic complete AV block to produce progressive dilatation of the atria. Chronic endocardial instrumentation made it possible for us to follow the time course of atrial dilatation and the associated electrophysiological changes. The development of a substrate of AF was monitored by measurement of the duration of electrically induced paroxysms of AF.
Methods

Animal Model
Twenty-two female goats weighing 53.6Ϯ2.7 kg were used for this study. Six noninstrumented goats in sinus rhythm served as a control group. In 8 noninstrumented goats, chronic AV block was made for mapping studies and to measure right atrial (RA) and left atrial (LA) size. In 8 goats, 2 bipolar screw-in leads with a pair of piezoelectric crystals mounted at their tips were implanted through the jugular vein in the anterolateral and posteroseptal wall of the RA (Figure 1 ). Two silver electrodes (1.2ϫ4 mm) between the crystals served to record a bipolar atrial electrogram. A third, unmodified lead was screwed into the right ventricular apex. Two weeks after lead implantation, atrial diameter and baseline electrophysiological and neurohumoral parameters were measured in the awake state. Two days later, the animals were anesthetized again, and the His bundle was ablated by radiofrequency energy. This resulted in a slow idioventricular rhythm between 38 and 66 bpm. Hemodynamic parameters were determined immediately before and after Hisbundle ablation. RA, left ventricular, aortic, and pulmonary wedge pressures were measured with a Swan-Ganz catheter. Cardiac output was measured by thermodilution. The mean atrial diameter was measured weekly during 5 consecutive ventricular cycles ( Figure 1 ). Plasma samples were taken at 9 AM 30 minutes after insertion of a cannula in a hind leg vein for determination of norepinephrine, atrial natriuretic factor, angiotensin II, and aldosterone.
Electrophysiological Measurements
AERP was measured at pacing intervals of 400, 300, and 200 ms at the anterolateral wall of the RA. Single premature stimuli (4ϫ threshold) were interpolated after every fifth interval, starting at a coupling interval shorter than the AERP. The longest coupling interval (steps of 2 ms) not resulting in a propagated response was taken as the AERP. The first propagated response was used to test the inducibility of AF (Ͼ1 second). AF stability was expressed as the mean duration of AF paroxysms repetitively induced by burst pacing (50 Hz; 1 second; 4ϫ threshold) during 1 hour. If a single episode lasted Ͼ1 hour, the measurement was terminated. Median AF cycle length (AFCL) was determined from Ͼ100 consecutive AF intervals. After 4 weeks of AV block, the animals were anesthetized again (thiopental 10 to 15 mg/kg IV, halothane 1%, and a 1:2 mixture of O 2 and N 2 O), and the heart was exposed by a left thoracotomy. Spatial dispersion of atrial refractoriness was determined by measuring the AERP (pacing interval, 350 ms) at 9 different sites, both at the free wall of the RA and LA and at Bachmann's bundle. To analyze atrial conduction, a spoon-shaped mapping electrode (diameter, 4 cm; 234 unipolar electrodes; interelectrode spacing, 2.4 mm) was placed on the RA free wall. 3 To measure atrial conduction during sinus rhythm and atrial pacing (400, 300, and 200 ms), maps from 5 consecutive beats were analyzed. A curved arrow was drawn manually normal to uniformly spaced isochrones across the mapping area. From the length of this arrow and the number of isochrones, the effective uniform CV along that path was obtained ( Figure 2 ). Regions of nonuniform or delayed conduction were excluded. With a second method, local conduction vectors were calculated in areas of 2ϫ2 electrodes, as described by Holm et al. 4 This method included local conduction delays and was used to measure spatial heterogeneities in conduction. 5, 6 Analysis of 5 consecutive beats resulted in a total of approximately 1000 local conduction vectors. Although the individual vectors showed considerable variation, the histogram of the length of these vectors provided a reliable measurement of local CV. For comparison with previous studies, the distribution of local conduction times (difference in activation time between neighboring electrodes) and phase differences (maximal time difference in areas of 2ϫ2 electrodes) were also measured. The heterogeneity index was expressed as the 95th percentile minus the 5th percentile of the phase difference distribution (p95Ϫp5) divided by the median phase difference (p50). 7
Histology
The hearts were fixed in buffered formalin, and samples from the upper and lower free wall of the RA and LA (trabeculated area) were embedded in paraffin. Sections 4 m thick were stained with Sirius red (collagen) or a modified azan technique (myocytes). The relative collagen content was determined excluding pericardial, endocardial, and perivascular fibrosis. 8 The size of atrial myocytes was measured in cells showing a nucleus in the center and intercalated disks on either side. Connexin (Cx) 40 and Cx43 were visualized in cryosections from the RA and LA appendages as described elsewhere. 9
Statistics
Results are given as meanϮSEM. The group mean duration of AF episodes is expressed as the geometric meanϮgeometric SEM. An unpaired t test was used to evaluate differences between groups. Multiple groups were compared by ANOVA. To correlate atrial size and AF stability, multiple regression was applied treating the subject (goat) as categorical factor using dummy variables. 10 A value of PϽ0.05 was considered statistically significant.
Results
Hemodynamic and Neurohumoral Changes Caused by AV Block
During 4 weeks of AV block, the body weight of the instrumented goats did not change (53.1Ϯ3.5 versus 51.3Ϯ2.9 kg). The heart weight/body weight ratio was higher in the atrioventricular (AV)-block group (6.9Ϯ0.5 versus 5.5Ϯ0.2 g/kg, PϽ0.05). The idioventricular rhythm (44.6Ϯ2.5 bpm, Table) did not change significantly during the 4 weeks of AV block. The atrial rate initially increased from 114Ϯ5 to 130Ϯ8 bpm and returned to baseline values within 4 weeks (107Ϯ5 bpm). Hemodynamic measurements showed an increase in stroke volume by approximately 40% (Table) . Cardiac output decreased acutely from 4.1Ϯ0.2 to 2.3Ϯ0.5 L/min and was slightly improved after 4 weeks of AV block (2.7Ϯ0.3 L/min). During idioventricular rhythm, both systolic and diastolic blood pressure were lower than during sinus rhythm. Left ventricular end-diastolic pressure increased acutely by 6.5 mm Hg. Also, the mean in RA and pulmonary wedge pressure increased after His-bundle ablation. These pressures did not rise further during 4 weeks of AV block, indicating that the animals did not develop progressive heart failure. Figure 3 shows heart rate and plasma levels of neurohormones. Within the first week of AV block, norepinephrine, atrial natriuretic factor, angiotensin II, and aldosterone increased approximately 3-fold. During 4 weeks of follow-up, none of these neurohormones increased further. The plasma levels of norepinephrine and aldosterone tended to decrease again.
Atrial Dilatation and Duration of AF
In Figure 4 , the changes in RA diameter and duration of electrically induced AF paroxysms during the first 4 weeks of AV block are plotted for all goats. In the first week after His-bundle ablation, RA diameter decreased slightly. Thereafter, atrial size increased progressively from 27.8Ϯ4.6 to 31.6Ϯ5.5 mm after 4 weeks of AV block (ϩ13.5Ϯ3.9%; PϽ0.0001). In 1 goat (⌬), the RA was still not dilated after 4 weeks of idioventricular rhythm. In 2 others (O and □), the atria started to dilate only in the third week after AV block. In these goats (⌬-O-□), the duration of AF paroxysms remained short. In animals with marked dilatation, AF duration became prolonged to more than 1 hour. In general, the increase in atrial size was accompanied by an increase in duration of AF (correlation coefficient, rϭ0.53; PϽ0.001). The low correlation coefficient was primarily because of the high interindividual variation (lower panels). The inducibility of AF did not change significantly during 4 weeks of AV block (10.7Ϯ7.4% versus 4.6Ϯ2.4%, Pϭ0.32).
To determine whether the left atrium dilated to the same extent as the right atrium, in a separate series of 6 control and 5 AV-block goats, the dimensions of the RA and LA free walls were measured directly after excision of the heart. After 4 weeks of AV block, the anteroposterior dimension of the RA and LA had increased by 24% and 29% (PϽ0.01) and the craniocaudal dimension by 32% and 25% (PϽ0.001 and PϽ0.05; for absolute values, see Table) . The surface of the right and left atrial walls was enlarged by 64% and 58% (PϽ0.001 and PϽ0.01). There was no difference between the degree of RA and LA enlargement (Pϭ0.75). Figure 5 shows the AERP (pacing intervals of 400, 300, and 200 ms, RA) and AFCL before and after His-bundle ablation. . Different methods to quantify atrial conduction. Free wall of RA or LA was mapped by an array of 234 electrodes (interelectrode distance, 2.4 mm). Effective CV was determined by drawing an arrow normal to broad and uniformly spaced isochrones (effective CVϭlength arrow/conduction time). Conduction times (between neighboring electrodes) and phase differences (largest difference in activation in a square of 4 electrodes) were plotted. 7 Local velocities of conduction were calculated from conduction vectors measured in surface areas of 2.4ϫ2.4 mm. 4 -6 Amount of heterogeneity in conduction was determined by analysis of distribution of conduction times, phase differences, and conduction velocities. A conduction time or phase difference Ͼ8 ms and a CV of Ͻ30 cm/s were taken as lower limit of normal conduction.
Atrial Refractoriness
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During 4 weeks of slow idioventricular rhythm, the AERP remained constant. Also, the differences between AERP 400 , AERP 300 , and AERP 200 , representing the physiological rate adaptation, remained the same. Before His-bundle ablation, the median AFCL was 152Ϯ10 ms, compared with 132Ϯ6 ms after 1 week and 139Ϯ11 ms after 4 weeks of AV block (Pϭ0.51). After 4 weeks of idioventricular rhythm, the goats (nϭ7) were anesthetized and the AERP was measured at 9 epicardial sites. The coefficient of spatial variation and the maximal spatial difference in AERP were lower than in the control group (0.14Ϯ0.01 versus 0.27Ϯ0.04, PϽ0.01, and 49Ϯ6 versus 78Ϯ5 ms, PϽ0.01). This indicates that the increase in stability of AF after 4 weeks of AV block was not a result of a higher dispersion in the refractory period.
Mapping of Atrial Conduction
The effective CV in the RA wall during sinus rhythm and slow atrial pacing (400 ms) was slightly increased in AV-block goats versus control animals (108Ϯ4 versus 97Ϯ3 cm/s, Pϭ0.06, and 108Ϯ4 versus 92Ϯ3 cm/s, PϽ0.05). Also, during rapid pacing (300 to 200 ms), atrial CV was similar in both groups (97Ϯ2 versus 93Ϯ4, Pϭ0.41, and 96Ϯ3 versus 92Ϯ3 cm/s, Pϭ0.35; Figure 6 , top). The percentage of areas with slow conduction (CV Ͻ30 cm/s) was not different in the 2 groups both during sinus rhythm (0.50Ϯ0.26% versus 0.50Ϯ0.30%; Pϭ1.0) and during pacing at 400 ms (0.97Ϯ0.44% versus 0.53Ϯ0.25%, Pϭ0.41) and 300 ms (1.54Ϯ0.63 versus 0.67Ϯ0.39%, Pϭ0.37). However, during rapid pacing (200 ms), more areas of slow conduction were seen after 4 weeks of AV block (3.67Ϯ1.03% versus 0.88Ϯ0.46%, PϽ0.05; Figure 6 , bottom). Similarly, the incidence of long local conduction times (Ͼ8 ms) and phase differences (Ͼ8 ms) was increased during rapid pacing in dilated atria (Table; PՅ0.05). Also, the heterogeneity index calculated from the phase histograms tended to be higher.
Histological Changes
In AV-block goats (nϭ9), a marked hypertrophy of cardiomyocytes was observed in the free wall of both atria Figure 7 ; absolute values in Table) . The relative tissue area positive for collagen was significantly lower after 4 weeks of AV block (RA: 9.5Ϯ0.7% versus 13.7Ϯ1%, PϽ0.01; LA: 6.5Ϯ0.7% versus 10.7Ϯ1%, PϽ0.01). This suggests that the absolute amount of collagen remained the same, whereas the myocytes became enlarged. No atrial fibrosis or signs of degeneration of myocytes were seen after 4 weeks of AV block. Immunohistochemistry of the RA and LA showed that Cx40 and Cx43 remained expressed predominantly at the end-to-end connections of the myocytes. Also, the intensity of Cx40 and Cx43 staining was similar in control and AV-block animals. In general, Cx40 was expressed more heterogeneously than Cx43, but this was true in both control and AV-block animals (Figure 7 ).
Discussion
Chronic complete AV block and the resulting slow idioventricular rhythm cause volume overload and ventricular hypertrophy. In the present study, we showed that it also leads to progressive atrial enlargement. Although the mean atrial pressures rose abruptly after His-bundle ablation, the atria became enlarged only after 1 week. This can be explained by the fact that during slow idioventricular rhythm, the ventricular systole, during which atrial size is largest, composes a shorter period of the cardiac cycle ( Figure 1) . The pericardium may also initially prevent atrial dilatation. 11 During chronic volume overload, the pericardial sac gradually enlarges, thereby allowing the atria to dilate. 12 We could not follow the changes in left atrial size because, owing to the anatomy of the caprine chest, this is not possible echocardiographically. However, after 4 weeks of AV block, the pressure was equally increased in both atria, as were the surface area of the free wall and the cell size. As in the dog model of chronic AV block, 13 left ventricular end-diastolic pressure and cardiac output changed acutely but remained constant during the 4 weeks thereafter (no signs of heart failure). Atrial sinus rate showed a transient increase. The plasma levels of several neurohormones increased and either reached a new steady state or gradually returned toward their original values. The atrial myocytes became markedly enlarged, but no signs of atrial fibrosis were seen. Four weeks of AV block and slow idioventricular rhythm thus create a different substrate of AF than heart failure or valvular dysfunction. 14 -18 How Does Atrial Dilatation Promote AF?
Atrial dilatation may cause atrial ectopy, which triggers paroxysms of AF. In isolated guinea pig hearts, an acute increase in atrial volume induced premature beats and atrial arrhythmias. 19 Dogs with mitral valve fibrosis and LA enlargement also exhibited atrial arrhythmias. 18 In our present study, spontaneous atrial premature beats or paroxysms of AF were never observed. All episodes of AF were induced by electrical stimulation. Apart from providing a trigger, atrial dilatation may also create a substrate of AF. The underlying mechanisms could include rapid foci, an increase in atrial size, together with a short wavelength and an increase in spatial heterogeneity in AERP or conduction. Studies addressing the acute mechanoelectrical feedback on AERP show contradictory results. 19 -25 Few studies have been performed on the electrophysiological effects of chronic atrial dilatation. In patients requiring permanent pacing, Sparks et al 26 found that compared with DDD pacing, after 3 months of VVI pacing, the atria were enlarged and the AERP was prolonged. The first animal studies were performed in the early 1980s by Boyden and Hoffman. 16 In 8 dogs with tricuspid regurgitation and stenosis of the pulmonary artery, RA volume increased by 40%. Spontaneous atrial arrhythmias did not occur, but the inducibility and duration of atrial tachyarrhythmias were higher. The duration of the atrial action potential was not different from control values. Histological analysis revealed hypertrophy of atrial myocytes and an increase in connective tissue.
In our present study, there was a tendency for the atrial refractory period to shorten during the first week after His-bundle ablation. However, at this time, the atria were not yet dilated, and the paroxysms of AF were still of short duration. When the atria started to dilate and AF became more persistent, atrial refractoriness remained constant, and the physiological rate adaptation was also preserved. After 4 weeks of AV block, the spatial dispersion of AERP was less than during control. Therefore, changes in AERP did not seem to play a major role in the development of atrial fibrillation.
Experimental studies have shown that acute atrial stretch prolongs the conduction time between 2 anatomic landmarks and increases spatial heterogeneities in conduction. 6, 22, 24 In a canine model of progressive heart failure, interstitial fibrosis and heterogeneous conduction were considered important determinants of the substrate for AF. 14 In human studies as well, atrial dilatation and impaired conduction were correlated with atrial arrhythmias. [27] [28] [29] A reduced CV shortens the wavelength and thereby could stabilize AF. In our present study, the uniform CV in the dilated RA was slightly increased, possibly because of an increase in atrial cell size. 30 During rapid pacing, no effect on uniform CV was found, but the incidence of local conduction delays was clearly higher after 4 weeks of AV block. This increased spatial heterogeneity in conduction may support the perpetuation of AF. 7 Interestingly, interstitial fibrosis was not seen in the present model. Also, the expression of Cx40 and Cx43 was unchanged. A decrease in cell-to-cell coupling therefore does not seem to be involved in the observed conduction disturbances. According to Laplace's law, an increase in atrial pressure and diameter will increase atrial wall stress. As a result, particularly the thinner parts of the atrial wall will be stretched. 21 In isolated cardiac muscle strips, it has been demonstrated that at a certain critical level, stretch depresses conduction. 6, 21, 31 In the isolated rabbit heart, acute atrial dilatation slowed atrial conduction and caused spatial heterogeneities. 6 The atrial architecture leading to spatial differences in wall stress may explain the heterogeneities in conduction observed during atrial enlargement.
Limitations and Clinical Implications
This study does not prove a causal relationship between chronic atrial dilatation and increased stability of AF. The correlation between dilatation and AF duration was rather weak (rϭ0.53), indicating that other factors are also involved and that dilatation may be an epiphenomenon. The degree of atrial dilatation measured in vivo was limited (13.5%), whereas postmortem analysis revealed a more pronounced increase in atrial size (25% to 30%). Although it is difficult to judge which method is more reliable, the degree of atrial dilatation was moderate at most. Another limitation of our study is that atrial dilatation resulting from chronic AV block does not have a clinical counterpart, because the slow idioventricular rhythm is prevented effectively by pacemaker therapy. The main goal of our study was to create an experimental model of progressive atrial dilatation without concomitant heart failure.
A chronically increased atrial pressure dilated the atria slowly but steadily. After 4 weeks, the effects on atrial electrophysiology were still minor and did not lead to spontaneous or persistent AF. However, induced paroxysms of atrial fibrillation became longer in duration and in some cases lasted more than 1 hour. Studies in humans have shown that even a limited increase in atrial size (LA diameter, 40 to 50 mm) is associated with an increased risk of AF. 1 Our results suggest that this higher propensity of AF is because of increased heterogeneities in conduction. Considering our model as an early stage in the development of AF, a more prolonged rise in atrial pressure may lead to more extensive dilatation and more severe atrial conduction defects. The slow nature of the changes observed in our experiments is in agreement with the slow time course of the development of AF (often years) observed clinically. Measures to prevent the development of atrial dilatation in patients may help to delay the development of an electropathological substrate of AF.
